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Abstract 
 
The author numerically demonstrates several features of blocking oscillation in resistive superconducting quantum interference 
devices (RSQUIDs) including two Josephson junctions. The key for the blocking oscillation is a combination of discrete and 
continuous flux transfer into/from the RSQUID loop. The discrete flux transfer takes place through the Josephson junctions, while 
the dissipative element (resistor) in the loop allows the continuous flux transfer. Three features of the blocking oscillation are 
presented by numerical simulation. Firstly, switching events alternately occur in the two junctions. Next, a finite average voltage is 
induced in the RSQUID, when the blocking oscillation is synchronized with an external rf signal. Finally, blocking oscillation 
modes including several intermittent periods are generated in coupled-RSQUIDs. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
  
Resistive superconducting quantum interference devices (RSQUIDs) are superconducting quantum interference 
devices (SQUIDs) with a partly resistive loop. They have been developed for applications of noise thermometry [1], 
calorimetry [2], current-controlled oscillator [3], etc. In addition to these applications, the author has demonstrated that 
an asymmetrically-biased two-junction RSQUID works as a blocking oscillator [4]. Besides numerical simulation, the 
blocking oscillation has been indirectly confirmed by experiments using the average voltage measurements [5].  
The key for the blocking oscillation is the combination of discrete and continuous flux transfer into/from the 
RSQUID loop. The discrete flux transfer takes place through the Josephson junctions, while the dissipative element 
(resistor) in the loop allows the continuous flux transfer. Because of its nonlinear characteristics, detailed investigation 
is still required to figure out its properties and applications.  
In this paper, the author presents numerical results of the blocking oscillation in RSQUIDs, which demonstrate 
three features: (i) alternative junction switching, (ii) a finite average voltage induced by an rf signal of low frequency, 
and (iii) blocking oscillation modes including several intermittent periods.  
 
2. Waveforms of junction voltages in RSQUID compared to those in conventional SQUID 
 
Figs. 1(a) and 1(b) show the equivalent circuits of a SQUID and an RSQUID used in this section, respectively.   
The SQUID in Fig. 1(a) has two Josephson junctions (Js1 and Js2) and a superconducting loop inductance Ls. The 
two Josephson junctions are assumed to have the identical critical current, junction resistance, and junction 
capacitance. The bias current Ib is fed to the node above Js1.  
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The RSQUID, on the other hand, has a similar structure except for the resistance Rrs inserted in the loop, as shown 
in Fig. 1(b). The bias current Ib is fed to the node above Jrs1. When the junction Jrs1 is biased slightly beyond its critical 
current, Jrs1 switches first, and a flux quantum ( 0 = 2.07  10-15 Wb) enters into the loop. Since the loop is not 
completely superconducting, the flux immediately begins to decay. Next, the loop current makes the junction Jrs2 
switch, and a flux quantum is sent out from the loop. It should be noted that, at the moment of Jrs2 switching, the flux 
in the loop is smaller than a flux quantum, and that finite residual (opposite) flux remains in the loop after the 
sequential switching of Jrs1 and Jrs2 [4]. Repeating such sequential switching of Jrs1 and Jrs2 accumulates the residual 
flux. Finally, even after Jrs1 switches, the accumulated residual flux prevents Jrs2 from switching. That is, the 
sequential switching is suspended. During the intermission, the residual flux decays owing to the resistive element in 
the loop. When the residual flux decreases enough for Jrs1 to switch, sequential switching of Jrs1 and Jrs2 resumes.  
Below the author numerically demonstrates unique features of the blocking oscillation in RSQUIDs. Numerical 
simulation was carried out using the JSIM program [6]. No thermal noise was included in simulation.  
 
(a)      (b)
Lrs Rrs
Ib
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Ls
Ib
Js1 Js2
Fig. 1. Equivalent circuits of (a) SQUID and 
(b) RSQUID. In simulation, the critical current, 
junction resistance, and junction capacitance are 
set to 0.10 mA, 3.8 , and 0.22 pF, respectively, 
for all Josephson junctions. The values of 
inductances Ls and Lrs are set to 20 pH. 
Fig. 2. (a) Voltage waveforms across Js1 and Js2 in the SQUID. The dc bias current Ib is 
set to 0.21 mA. (b) Trajectory in the junction voltage plane of the SQUID for the time 
duration from 350 to 750 ps. (c) Voltage waveforms across Jrs1 and Jrs2 in the RSQUID 
with Rrs of 0.038 . The dc bias current Ib is set to 0.17 mA. (d) Trajectory in the 
junction voltage plane of the RSQUID for the time duration from 350 to 750 ps. 
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2.1. Waveforms of junction voltages under dc biasing 
 
When the dc bias current exceeds the total critical current of the SQUID in Fig. 1(a), the junctions continue to 
switch. The voltage waveforms across the junctions are shown in Fig. 2(a). To investigate the relationship between the 
voltages across Js1 and Js2, the trajectory in the junction voltage plane is plotted in Fig. 2(b). It is seen that the voltages 
never drop to zero, and that the voltages are rather synchronized because the trajectory stretches out along the Vs1 = Vs2 
direction, where Vsi represents the voltage across the junction Jsi.  
Similar simulation was done for the RSQUID in Fig. 1(b). The numerical waveforms for the RSQUID having the 
loop resistance Rrs of 0.038  are shown in Fig. 2(c). In one blocking oscillation period, 15 and 14 switching events 
occur in Jrs1 and Jrs2, respectively. The trajectory in Fig. 2(d) appears to be different from that of the SQUID presented 
in Fig. 2(b). It stretches out along the directions of the Vrs1 and Vrs2 axes, where Vrsi represents the voltage across the 
junction Jrsi.  
According to Figs. 2(b) and 2(d), the trajectory stretching out along the Vrs1 and Vrs2 axes is a feature of blocking 
oscillation in the RSQUID. It means that the junctions switch alternately in the blocking oscillation mode.  
 
2.2. Current-average voltage characteristics under rf sinusoidal signals of low frequency 
 
It is well known that the amplitudes of Shapiro steps are dependent on the rf signal frequency in the current-
biasing condition [7]. If the frequency normalized by IcRn  0 is much less than unity, each Shapiro step becomes too 
small to be observed. (Here, Ic and Rn represent the critical current and normal resistance of the Josephson junction, 
respectively.)  The similar dependence has been numerically reported for an RSQUID [8]. 
On the other hand, as shown in Fig. 2(c), the blocking oscillation in the RSQUID has another characteristic 
frequency, the inverse of the blocking oscillation period (the duration between the beginnings of ON states). It is 
obtained as approximately 1.5 GHz in Fig. 2(c). Therefore, there should be a possibility to couple the blocking 
oscillation with rf signals of low frequency.  
Figs. 3(a) and (b) show the current-average voltage characteristics of the SQUID and RSQUID coupled with the rf 
signal of 1.2 GHz. In simulation, the current Ib = Idc + Irf sin 2 ft (f = 1.2 GHz) is applied to the SQUID and RSQUID. 
The value of Rrs in the RSQUID is 0.038 . 
The results for the SQUID shown in Fig. 3(a) exhibit typical current-average voltage characteristics under a low 
frequency condition. The characteristic frequency 0f  IcRn is calculated as 6.5  10-3, much less than unity. Therefore, 
the current-average voltage characteristics appear as a smooth and monotone curve, whereas the maximum 
superconducting current is suppressed further by increasing Irf.  
On the other hand, the results for the RSQUID shown in Fig. 3(b) exhibit non-monotonic behaviours. When Irf is 
0.020 mA, a finite voltage of 7.4 V appears for the Idc range from 0.13 to 0.14 mA. It shows that the blocking 
oscillation couples with the rf signal of 1.2 GHz. Interestingly, the average voltage decreases by increasing Idc from 
0.14 to 0.15 mA. When the value of Irf is increased further, the induced voltage is also increased, and the current-
average voltage characteristics appear complicated. Although the non-monotonic behaviours have not fully analysed, 
these results indicate that the RSQUID can be applied for a microwave detector to lower frequency regions. 
 
 
Fig. 3. Current-average voltage characteristics of (a) SQUID and (b) RSQUID coupled with rf signal of 
1.2 GHz. Curves for three Irf values are plotted. The value of Rrs is 0.038 . 
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3. Waveforms of junction voltages in coupled-RSQUIDs 
 
Blocking oscillation is a nonlinear feature of RSQUIDs as described above. Here, the author demonstrates 
waveforms of the junction voltages in coupled-RSQUIDs shown in Fig. 4(a). By combining two RSQUIDs having 
different periods of blocking oscillations, the voltage waveforms including multiple periods of blocking oscillations 
are generated as shown in Fig. 4(b). Here, the periods of blocking oscillations are changed by the dc biasing current IbR, 
while the current IbC and IbL are fixed at 0.0 and 0.17 mA, respectively. As IbR is increased, the duration of the ON 
state tends to be longer.  
Fig. 4(b) suggests that coupled-RSQUIDs are expected to work as nonlinear elements for signal generators. 
 
4. Conclusion 
 
The author numerically simulated the blocking oscillation in RSQUIDs. Three features were demonstrated. Firstly, 
switching of the two junctions was alternate in the RSQUID, which was different from that in the SQUID. Secondly, a 
finite average voltage was induced in the RSQUID even when a low-frequency rf signal was applied. The current-
average voltage characteristics exhibited non-monotonic behaviours. Lastly, blocking oscillation modes including 
several intermittent periods were generated in coupled-RSQUIDs by changing the biasing conditions. 
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Fig. 4. (a) Equivalent circuit of coupled-RSQUIDs. The critical current, junction resistance, and junction 
capacitance are set to 0.10 mA, 3.8 , and 0.22 pF, respectively, for three Josephson junctions. The 
values of inductances LrsL and LrsR are set to 20 pH, whereas the values of resistances RrsL and RrsR are set 
to 0.038 . (b) Waveforms of voltage across JrsC for several IbR conditions. The bias currents IbC and IbL 
are fixed at 0.0 and 0.17 mA, respectively. 
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